Tumor-derived extracellular vesicles (EVs) have a pleiotropic role in cancer, interacting with target cells of the tumor microenvironment, such as fibroblasts, immune and endothelial cells. EVs can modulate tumor progression, angiogenic switch, metastasis, and immune escape. These vesicles are nano-shuttles containing a wide spectrum of miRNAs that contribute to tumor progression. MiRNAs contained in extracellular vesicles (EV-miRNAs) are disseminated in the extracellular space and are able to influence the expression of target genes with either tumor suppressor or oncogenic functions, depending on both parental and target cells. Metastatic cancer cells can balance their oncogenic potential by expressing miRNAs with oncogenic function, whilst exporting miRNAs with tumor suppressor roles out of the cells. Importantly, treatment of cancer cells with specific natural and chemical compounds could induce the elimination of miRNAs with oncogenic function, thereby reducing their aggressiveness. In this review, we discuss the mechanisms by which EV-miRNAs, acting as miRNAs with oncogenic or tumor suppressor functions, could contribute to cancer progression.
Introduction
Classic cell-to-cell communication is mediated by several molecules, such as cell adhesion components, soluble messengers or extracellular vesicles (EV). EVs are classified by different nomenclatures based on their size, intracellular origin and releasing mechanism. The two classes of EVs better characterized are exosomes and microvesicles [1] . Microvesicles are shed directly from plasma membranes, whereas exosomes are distinct from other EVs due to their origin, size, function, and composition [2] . The term Bexosome^was first proposed in the 1980s to describe small (30 to 100 nm) vesicles of endosomal origin that were released during reticulocyte maturation [3] . These nanovesicles originate from multivesicular bodies (MVBs) of the endocytic system and are released into the extracellular space after fusion of MVBs with the plasma membrane. EVs are nanovesicles with a lipid bilayer, representing a complete molecular package containing a plethora of proteins including transmembrane receptors, membrane transporters, adhesion molecules, cytoskeletal and heat shock proteins, cytokines, growth factors, lipids, mRNAs, and miRNAs, able to influence the phenotype and biological functions of recipient cells [4] . EV cargo may be deregulated in disease and used as Bsnapshots^of their producer cells [5] .
The proteins contained within EVs depend on the cell type and reflect the origin and state of the parental cells as outlined in the databases: ExoCarta [6] , Vesiclepedia [7] and EVpedia [8] . Proteins involved in cancer pathogenesis, such as oncoproteins, have been found in tumor-derived vesicles. EVs are also able to eliminate molecules from cells, and these discarded cargoes can have consequences on neighboring cells [9] .
Experimental evidence suggests that EV-miRNAs play a critical role not only in cancer cells, but also in the tumor microenvironment. EV-miRNAs constitute a bridge between cancer cells and the tumor microenvironment [10] . MiRNAs are selectively packaged in EVs and then transferred to recipient cells, neighboring or distant, to modulate gene expression [11] . Recently, Bayraktar et al. considered miRNAs as hormones, because they influence the phenotype of recipient cells and many distant tissues [12] .
EVs: Roles in Cancer Progression
EVs play an important role in the different steps of cancer progression such as migration, angiogenesis, immune escape and pre-metastatic niche preparation, transferring oncogenic proteins and nucleic acids, such as mRNAs and miRNAs [5, 13] .
Recent findings support that EVs are involved in tumor microenvironment modulation, promoting angiogenesis and preparing the metastatic niche [13, 14] . EVs are mediators between cancer cells and the surrounding vasculature to induce angiogenic responses [15] [16] [17] . Taverna et al. described that exosomes released from leukemia cells directly affect endothelial cells, modulating the neovascularization process [18] . It was also described that multiple myeloma-derived exosomes are able to induce angiogenesis in recipient endothelial cells [19] .
EV-miRNAs released by cancer cells also contribute to formation of the metastatic niche through: I) suppression of an antitumor immune response, II) secretion of miRNAs with tumor-suppressor function and III) induction of epithelialmesenchymal transition (EMT) [20, 21] . How tumorderived EVs are able to target neighboring or distant cells, is not completely understood. Metastatic EV-mediated organotropism remains one of cancer's greatest mysteries; cancer cells derived from a specific metastatic site displayed enhanced abilities to metastasize in preferential organs [22, 23] . Peinado et al. showed that an Bexosomal protein signature^may determine the site of distant metastases in melanoma patients. The role of specific integrins present on tumor-derived exosomes, to guide exosomes to specific organs, is emerging [24] . Hoshino et al. analyzed the proteomic profile of exosomes isolated from 28 organspecific metastatic cell lines. They reported that exosomes containing ITGα v β 5 bind preferentially to Kupffer cells, mediating liver tropism, whereas exosomes containing ITGα 6 β 4 and ITGα 6 β 1 bind lung-resident fibroblasts and epithelial cells, governing lung tropism [22] .
In this review, we discuss EV-miRNA functions, focusing on their dual role in intercellular communication between tumor and host cells. The dual role of EV-miRNA involves exosomal shuttling of miRNAs with an oncogenic role, potentially affecting stromal cells to regulate angiogenesis, EMT and immune detection, or eliminating miRNAs with tumor suppressor function^., consequently increasing the expression of cellular oncogenes. Moreover, depending on the cellular origin and target cells, the same miRNA may simultaneously elicit both oncogenic and onco-suppressor functions.
There are different potentially non-exclusive hypotheses regarding how EV-miRNAs can contribute to cancer. Cancer cells use EVs as nano-shuttles to release miRNAs with oncogenic and tumor-suppressor function, simultaneously spreading malignant properties to neighboring cells, maintaining and protecting the oncogenic potential of the cancer cells. Moreover, treatments with specific drugs might induce the elimination of miRNAs with oncogenic potential to reduce cancer cells aggressiveness. The role of various compounds in EV-miRNA sorting will be discussed in Section 5.
Selective miRNA Packaging into EVs
EV-mediated transfer of miRNAs is considered a novel genetic exchange mechanism between cells [25] . This idea has been described for Epstein-Barr virus-infected cells, in which secreted EVs transfer viral miRNAs into noninfected cells, leading to repression of virus-target genes [26] . A key question on secreted miRNAs concerns their stability in the circulation, despite the presence of ubiquitous ribonucleases [27] . Two possible theories suggest that secreted miRNAs could be stabilized by: I) their association with RNA-binding proteins, such as Argonaute 2 (AGO2), and II) protection by extracellular vesicle plasma membranes [28] . EV-miRNAs can post-transcriptionally modulate gene expression in recipient cells [29] . RNA polymerase II transcribes miRNAs as long primary miRNAs (pri-miRNAs), which are then processed by the nuclear RNAse Drosha into hairpin precursor miRNAs (premiRNAs). Pre-miRNAs are then transported into the cytoplasm, where the hairpin is cleaved, forming a double stranded mature miRNA. Dicer subsequently transfers the duplex to the AGO proteins, where one strand is integrated into the Ago protein containing RNA-induced silencing complex (RISC) [30, 31] . The guide strand of the duplex, usually starting with a 5'-Uracil, is preferentially loaded into Ago to regulate expression of target mRNAs. The passenger strand of the duplex starts with a 5'-Cytosine and is usually degraded. However, expression profiling shows that in some tissues and exosomes, both strands can be equally abundant [32] . It was demonstrated that loading of EV-miRNA can be independent of RISC, and can be mediated by other types of proteins. Villaroya-Beltri et al. identified short sequence motifs over-represented in miRNAs (EXO-motifs) through which heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) binds miRNAs and regulates their loading into exosomes ( Fig. 1:1) . Moreover, the data showed that directed mutagenesis of EXO-motifs inhibited miRNA cargo into exosomes [33] . Recently, the RNA binding protein Synaptotagmin-binding cytoplasmic RNA-interacting protein (SYNCRIP) has been identified as a component of the hepatocyte exosomal miRNA sorting machinery ( Fig. 1:2) . SYNCRIP directly binds to specific miRNAs enriched in exosomes, sharing a common extra-seed sequence (hEXO motif). SYNCRIP knockdown impairs sorting of miRNAs in exosomes, indicating a role for the hEXO motif in regulating miRNA localization [34] .
MiRNA packaging occurs non-randomly, and specific miRNA populations are preferentially sorted into EVs [35] . Gibbings et al. described the existence of a selective sorting mechanism of miRNAs into exosomes, mediated by miRNA effector complexes coupled to multivesicular bodies [36] . Koppers-Lalic et al. showed that selective miRNA loading into exosomes is related to the adenylated and uridylated miRNA 3'-UTR isoforms [9] (Fig. 1:3) . Kosaka et al. demonstrated that the overexpression of neural sphingomyelinase 2 (nsMase 2) leads to an increase in miRNA inside the exosomes and accordingly, its inhibition led to a decrease in EV-miRNA levels ( Fig. 1:4) . Understanding the molecular mechanism of this Bon-demand system^should also shed light on novel approaches for cancer therapy [37] . Furthermore, AGO2, as discussed above, plays a key role in miRNA maturation and consequently in mRNA repression or degradation. A role for AGO2 was also described in miRNA sorting into exosomes ( Fig. 1:5 ). The ability of AGO2 to drive miR-451, miR-150 and miR-142-3p in HEK293T derivedexosomes has been reported [38] . Recently, it was also demonstrated that the cytosolic proteins YB-1 and NSUN2 are possible mediators of the process for sorting particular mRNAs, recognizing specific motifs present in mRNAs enriched in exosomes [39] .
Another key question is how secreted miRNAs, packaged in EVs, exert their biological functions in recipient cells. Various studies demonstrate that miRNAs delivered into target cells act as functional molecules to exert gene silencing through the same mechanism as endogenous miRNAs [40] [41] [42] [43] . Alexander et al. suggested that individual miRNAs in EVs are transferred between cells in a functionally relevant manner. In order to demonstrate that miRNAs shuttled by EVs repressed gene expression in recipient cells by targeting a specific 3′-UTR sequence, the authors perform 3′-UTR luciferase reporter assays with binding-site mutant 3′-UTRs or using miRNA-mutant mimics. These analyses demonstrate that gene repression failed when EVs-miRNAs were unable to bind directly to the 3′-UTR [44] .
Melo et al. also demonstrated that cancer exosomes mediate transcriptome alterations in target cells via RISCassociated miRNAs. The authors showed that breast cancer exosomal miRNAs are associated with the RISC Loading Complex (RLC) that induces a cell-independent capacity to process precursor microRNAs (pre-miRNAs) into mature miRNAs. Pre-miRNAs, along with Dicer, AGO2, and TRBP, are present in exosomes of cancer cells. In this manner, cancer exosomes mediate silencing of mRNAs to reprogram the target cell transcriptome [42] . Table 1 summarizes the EVmiRNAs with oncogenic or onco-suppressor functions, that play a role in tumor progression.
MiRNAs: Dual Role in Tumor Progression

Role of EVs As Transporters of miRNAs with Oncogenic Function
Valadi et al. described for the first time that miRNAs could be transferred between cells via exosomes [25] . Since 2008, several research groups observed that mature miRNAs were present in plasma and serum as cell-free circulating miRNAs or encapsulated in exosomes [59, 60] . Several studies have reported that EVs of different cellular origin contain a unique expression profile of mRNAs and miRNAs, reflecting the nature and even the state of producer cells [20, 61, 62] . MiRNA expression is frequently deregulated in tumors; a single miRNA can exploit both tumor-suppressive and oncogenic functions in different cellular contexts and its target genes can be selective for each cancer [46, 61] .
EV-miRNAs and Immune System Inhibition
EVs transfer functional miRNAs that can modulate gene expression and impact the transcriptome of recipient cells [43, 45] . Several reports indicate that EVs are also efficient carriers of genetic information, including miRNAs, with a key role in immune modulation [63] . For example, miR-21 is involved in tumor-mediated immunosuppression [47] . In nasopharyngeal cancer-derived EVs, exosomal miR-21 induces interleukin (IL) 10 and B-cells that suppress CD8+ T-cell activity [64] [65] [66] . MiR-21, contained in exosomes released by melanoma cells [48, 67] , promoted invasion and distant metastasis through the generation of myeloidderived suppressor cells (MDSCs), a cell population characterized by immune regulatory activities [49, 50] . Moreover, miR-21 targets myeloid differentiation factor 88 (MyD88) and interleukin-1 receptor associated kinase 1 (IRAK1), two important regulatory checkpoints in the Toll-like receptor (TLR) signaling pathway, contributing to host immune system evasion. Exosomal miR-21 can also bind TLRs, such as murine TLR7 and human TLR8 in immune cells, inducing a TLR-mediated pre-metastatic inflammatory response that, in turn, leads to tumor growth and metastasis [51] .
Other important miRNAs that are involved in immune response suppression are miR-9 and miR-222. MiR-9 is overexpressed in many cancers, where it exerts biological functions inhibiting the transcription of the MHC class I (MHCI) gene to prevent the recognition of tumor cells by the immune system [52] . It was also demonstrated that miR-9, identified as a pro-metastatic miRNA, is upregulated in exosomes of different breast cancer cell lines and is able to affect the properties of other cells, such as breast fibroblasts, enhancing the switch to a cancer associated fibroblast (CAF) phenotype, thus contributing to tumor growth [68] . miR-222 is also involved in immune system inhibition through targeting intracellular cell adhesion molecule 1 (ICAM-1) expressed on tumor cell surfaces. ICAM-1 binds to the lymphocyte function-associated antigen (LFA-1) inducing the optimal activation of cytotoxic T cells, which results in tumor cell lysis. MiR-222 was shown to down regulate the expression of ICAM-1, thus inhibiting the T cell lysis [69] . These reports indicate that exosomal miR-21, miR-9 and miR-222 could be considered as potential targets to inhibit the interaction between the immune system and tumor cells.
EV-miRNAs and Cancer Metastasis
EV-miRNAs can affect target cells of the tumor microenvironment, and thereby are involved in hypoxia, angiogenesis, and EMT to promote cancer metastasis.
Felicetti et al. demonstrated that melanoma cells are able to release exosomes enriched in miR-222, promoting the activation of several pathways involved in cell growth, apoptosis and angiogenesis induction. [54] . Under hypoxic conditions, multiple myeloma cells increase exosomal miR-135b release to promote an angiogenic response. As a result of the ability of miR-135b to bind the 3'-UTR of factor-inhibiting hypoxiainducible factor-1 (FIH-1), endothelial cells receiving exosomal miR-135b had significantly increased HIF-1 alpha levels. This mechanism induced a hypoxic response and accelerated the angiogenic process [19] .
Recently, it was reported that miR-126, a well-described miRNA with angiogenic properties, was actively sorted into chronic myelogenous leukemia-(CML) derived exosomes. Once released, CML-derived exosomal miR-126 is shuttled into endothelial cells (HUVECs), keeping its biological function in target cells. Increased levels of miR-126 in HUVECs, in turn, lead to a decrease of two targets involved in cancer progression, CXCL12 and VCAM1, negatively modulating CML cell motility and adhesion. This evidence supported the hypothesis that EV-miRNAs had an important role in [53] . Similarly, the transfer of exosomal miR-10b from metastatic breast cancer cells induced invasive properties in nonmalignant cells [56] . Taken together, these findings indicated that tumor cells are able to release EVs containing miRNAs with oncogenic potential, to promote their metastatic behavior. For this reason, EVs are attractive candidates for clinical application as therapeutic targets in many cancers.
EVs Eliminate miRNAs with Tumor Suppressor Roles
Cancer cells actively promote their tumorigenic behavior by loading EVs with specific miRNAs and releasing them into the tumor microenvironment [55] . Experimental evidence suggests that EVs might dispose tumor-suppressor miRNAs that counteract metastatic progression. The possible intrinsic advantage for cancer cells is to eliminate miRNAs with tumorsuppressor function via EVs, to maintain and promote the intracellular tumorigenic potential.
Recently, several studies suggest that miRNAs with tumor-suppressor function, selectively packaged in EVs, contribute to coordinate increased tumorigenic potential, and activation of the metastatic cascade in different cancer models. Ohshima et al. demonstrated that the Let-7 miRNA family was downregulated in many solid cancers and secreted via EVs [73] . The Let-7 miRNAs function as tumor suppressor genes [74] , targeting oncogenes, such as RAS and high mobility group A2 (HMGA2) [75] . Metastatic gastric cancer cells secreted the tumor suppressive Let-7 miRNA into the extracellular space via EVs, reducing the intracellular anti-tumorigenic capacity to maintain their tumorigenic and invasive behavior [73] . Similarly, Kanlikilicer et al. demonstrated that ovarian cancer cells discarded the EV-miRNA miR-6126, which acts as a tumor suppressor by directly targeting integrin β1, a key regulator of cancer cell metastases, thereby promoting their metastatic potential. The authors further demonstrate that the treatment of endothelial cells with a miR-6126 mimic, significantly reduced tube formation, as well as the invasion and migration capacity of ovarian cancer cells in vitro. Accordingly, high levels of miR-6126 in endothelial cells were associated with a longer survival of ovarian cancer patients [76] . Further supporting the notion that cancer cells eliminate miRNAs with tumorsuppressor function in order to promote invasion and metastasis, it was found that metastatic bladder carcinoma cells eliminate high levels of EV-miRNAs with tumorsuppressor roles, including miR-23b, miR-224 and miR-921, thereby abrogating their functions in inhibiting angiogenesis and lung metastasis [77] .
It was also demonstrated that EVs can induce drug resistance. In particular, miR-145 and miR-34a were consistently secreted as passengers in EVs released by 5 fluorouracil (5FU)-resistant DLD-1/5FU cells compared to DLD-1 cells, after 5FU exposure. The intracellular level of miR-145 and miR-34a in cells sensitive to 5FU, was significantly increased after drug exposure [57] . Conversely, in cells resistant to 5FU, cellular miR-145 and miR-34a expression was markedly decreased and their EVs secretion was increased. This mechanism maintains low intracellular levels of miR-145 and miR34a, contributing to drug resistance [58] .
Overall, these data demonstrate that cancer cells promote their oncogenic potential through the selective elimination of miRNAs with tumor suppressor function, via EVs. Deregulation of EV-miRNAs could be indicative of tumor progression, suggesting that EVs-miRNAs could be used as biomarkers to diagnose early stage tumors and to monitor disease progression. The natural and chemical compounds discussed in this section, with described effects on EV-miRNA sorting, are reported in Table 2 .
Recently, it was demonstrated that treatment of CML cells with curcumin induced selective packaging of miR-21 into exosomes, leading to a decrease in miR-21 in CML parental cells both in vitro and in vivo. This, in turn, lead to an upregulation of PTEN, a well-known tumor suppressor gene and a decrease in CML cell growth, suggesting curcumin as a potential adjuvant agent in CML therapy [78] . Moreover, it has been reported that exosomes released by CML cells treated with curcumin were actively internalized into endothelial cells (HUVECs), where exosomal miR-21 performed its biological functions. Once internalized, exosomes derived from curcumin-treated CML cells attenuated the promotion of an angiogenic phenotype in HUVECs, mediated by untreated CML cell derived exosomes, also modulating the endothelial barrier organization. In particular, the endothelial barrier modulation was mediated by delivery of CML-derived exosomal miR-21 into HUVECs, targeting RHOB and pro-angiogenic proteins such as MARCKS [79] .
A number of preclinical studies have demonstrated anticancer effects for natural compounds such as curcumin in various types of tumors [84] . Based on these promising preclinical results, several research groups have proceeded to test the antitumor effects of curcumin in clinical trials. Nevertheless, the poor bioavailability of this compound has been the major challenge for its clinical application. Despite the administration of curcumin at gram-level doses, plasma curcumin amount remain at low levels, insufficient to elicit any anticancer benefits of curcumin. This problem has been solved by the development of highly bioavailable forms of curcumin such as THERACURMIN ® . It was demonstrated that with this compound, higher plasma curcumin levels can be achieved without increased toxicity in patients with pancreatic cancer [85] . Other natural elements such as sulforaphane (1-isothiocyanate-4-methylsulfinylbutane) contained in vegetables, regulate the expression of miRNA in breast cancer cells. Treatment with sulforaphane was found to increase exosomal miR-140 levels and decrease exosomal miR-29a and miR-21 levels in CD49f +/CD24-and ALDH1+ MCF10DCIS cells. In addition, sulforaphane decreased the expression of the cancer stem cell marker, ALDH1, and the formation of tumor spheres in these cells. These results indicate that sulforaphane can inhibit cancer-stem-like cells by modulating miRNA expression [86] .
Currently, several clinical trials are evaluating natural compounds that may be useful for supplementation in different treatments and cancer management. One of these compounds is DHA (docosahexaenoic acid), whose anticancer properties have been demonstrated in vivo and in vitro. DHA is cytotoxic to tumor cells, but with little or no effects on normal cells. It was reported that DHA increases exosome secretion from breast cancer cell lines. In addition, the levels of exosomal miRNAs from DHA-treated tumor cells were altered. Specifically, let-7a, miR-21, miR-23b, miR-27b, and miR320b levels were increased in exosomes from breast cancer cell lines, compared to normal breast cells. MiRNAs carried by the DHA-treated breast cancer cell exosomes are readily transferred to endothelial cells, inhibiting endothelial tube formation and suppressing angiogenic activity [87] .
Moreover, Giallombardo et al. showed that exosomal miRNAs are useful for a follow-up analysis. The authors studied EGFR-mutated non-small cell lung cancer (NSCLC) patients during osimertinib (AZD9291) treatment, a thirdgeneration tyrosine kinase inhibitor. In preliminary experiments, osimertinib treatment lead to an upregulation of miRNAs (miR-221-3p and miR-222-3p) with oncogenic function in exosomes isolated from patient plasma. Interestingly, this upregulation correlated with a good clinical outcome during the follow-up analysis, suggesting a selective exosomal disposal of miRNAs with oncogenic function during osimertinib treatment [80] . Osimertinib is a new irreversible EGFR inhibitor, effective against both EGFR-TKI Clinical outcome [79] Epirubicin and Placlitaxel miR-503 Affect proliferative and invasive capacities in breast cancer [80] Radiation (X-ray) miR-21 Transference of radiation effects [81] DHA let-7a, miR-23b, miR-27a/b, miR-21, let-7, and miR-320b
Anti-angiogenic activity [82] Sulforaphane (1-isothiocyanato-4-methylsulfinylbutane) miR-140, miR-29-a miR-21
Inhibit breast cancer stem-like cell growth [83] inhibitor-sensitizing mutations and T790 M acquired resistance to earlier generation EGFR-TKIs [82, 83] . EGFRmutated patients and EGFR wild-type patients with mutations in other genes can be naturally resistant to TKIs or develop resistance following treatments, leading to tumor progression. Zhao et al., demonstrated strong synergistic effects between second and third generation EGFR-TKIs and tumor suppressor miRNAs, to restore the efficacy of TKIs [88] . As a result of their ability to be internalized by target cells, EVs could also be a promising drug carrier candidate. It was also demonstrated that the administration of miR-34a induces TKI resensitization of NSCLC cells [81] . The tumor suppressor miR-34a is able simultaneously to repress about 30 oncogenes, as well as genes involved in tumor immune evasion, such as PD-L1and DGKζ [89] [90] [91] , making it a promising drug target. It was demonstrated that exosomes released from hepatoblastoma cells contained miR-34a [92] , suggesting that exosomes containing miR-34a could become a valid therapeutic approach in combination with TKI treatments [88] . Cortez et al. indicated that miR-34 family was associated with PD-L1 expression regulation; they showed that miR-34a bound to 3'UTR of PD-L1. Recently, a synthetic miR-34 (MRX34) has been discovered and examined, MRX34 application in NSCLC mouse model with PD-L1 expression resulted in a decrease of tumoral PD-L1 expression at protein and mRNA levels. Moreover, the co-administration of MRX34 and radiotherapy in a mouse model elevated the CD8+ T cell count and reduced tumor infiltration by radiation-induced macrophages and T-reg cells. This study suggests that the application of miR-34a treatment with standard therapy might represent a novel approach in cancer treatment [89] . Unfortunately, although miR-34 is considered a key regulator of multiple oncogenes, the Phase 1 trial investigating MRX34 in solid tumors was recently halted due to severe adverse effects (www.businesswire.com). The modulation of EV-miRNA sorting is also described in cells of the tumor microenvironment, including endothelial cells. Bovy et al. reported that exosomes released by endothelial cells contributed to the antitumor response during breast cancer neoadjuvant chemotherapy via miRNA modulation. They showed an up regulation of exosomal miR-503 isolated from HUVECs in the presence of epirubicin and paclitaxel, compared to control cells. After internalization in breast cancer cells, endothelial cell-derived exosomes led to a modulation of miR-503 that, in turn, altered their proliferative and invasive capacities [60] .
The modulation of EV-miRNA sorting can be also mediated by physical treatments such as radiation. It was described that exosomes released by a human normal embryonic lung fibroblast cell line (MRC-5) during X-ray radiation, transferred radiation-induced bystander effects to non-irradiated cells. X-ray radiation upregulates miR-21 in irradiated cells (IR cells) and an increase in miR-21 sorting into exosomes.
After diffusion in the extracellular medium, exosomes derived from IR cells were taken up by non-irradiated cells, shuttling exosomal miR-21 into non-irradiated cells [93] . Taken together, these data suggest that the complex mechanism of miRNAs sorting into exosomes could be modulated by different stimuli, including anticancer drug therapies.
EVs in Clinical Approaches
Several exosomal miRNAs and proteins have been described as diagnostic and prognostic biomarkers that might be exploited as a source of specific biomarkers, because they reflect the pathological condition of the disorder [94, 95] . Exosomal miRNAs remain attractive in the field of biomarker discovery for disease monitoring and prognosis in cancer patients [96, 97] .
MiR-21 was demonstrated to be enriched in EVs collected from the serum of glioblastoma patients, and expressed at higher levels in the serum of patients than in those of normal controls [61] , highlighting the potential use of miRNAs as an effective biomarker. Strategies to interfere with the loading or delivery of tumor-promoting EV-miRNAs or to replenish tumor-suppressive miRNAs via EV delivery are currently under investigation. Currently, the major hurdles that need to be overcome include limitations in the study design and the technical challenges that remain.
In 2015, a review by the International Society for Extracellular Vesicles (ISEV) discussed the application of extracellular vesicles based therapeutics in clinical trials [98] . The translation of EVs into clinical therapies needs the classification of EV-based therapeutics in agreement with current regulatory outlines. The significant progress made in the EV research field has led to improved and standardized protocols for EVs isolation and storage, as well as amended methods, techniques and criteria for quality analyses of EV-based therapeutics [99] . Clinical trials using EVs as theranostic nanoparticles have been reported already in the early 2000s. The impact of exosomes, considered Bdiamonds in the rough^ [100] , on clinical research is demonstrated by several ongoing clinical trials (https://clinicaltrials.gov/). Among the clinical trials with exosomes, 20 studies investigate exosomes involved in neoplastic diseases (Table 3) , in which the exosomes are studied as biomarkers for diagnosis prognosis, drug resistance, as devices for drug delivery or for liquid biopsy approaches. In these trials, the exosomes are also proposed as a screening modality and as a device for clinical evaluation.
EV-mediated horizontal transfer of miRNAs opens an exciting perspective for clinical and therapeutic approaches. EV-miRNAs are thought to be the predominant source of circulating miRNAs isolated from plasma or serum. An emerging idea is that detecting miRNAs in the exosome fraction isolated from plasma or serum can offer a higher quality and more consistent readout than Bcrude^investigation of plasma or serum samples [101] . A recent study by Eichelser et al. analyzed circulating EVmiRNAs from breast cancer patients in 50 breast cancer cases, and 12 healthy controls with matched serum and exosomes. They demonstrated that the levels of miR-101, miR-372 and miR-373 were significantly higher in cancer cases when detecting these miRNAs in RNA isolated from exosomes, but not in serum RNA preparations. In breast cancer patients and healthy donor women the relative exosomal serum concentrations of miR-101, miR-372 and miR-373 were higher than their cell-free levels, indicating that these miRNAs may predominantly circulate in exosomes in the peripheral blood. The serum levels of cell-free miR-101 and miR-373 could significantly differentiate between breast cancer and benign breast disease, indicating their potential diagnostic value [102] . Nowadays, the clinical translation is still limited by the lack of appropriate, scalable, and both cost-and time-effective nanotechnologies for the purification and loading of EVs. Further studies are needed for the proper application of EVs in clinical approaches [103] .
Conclusions
EVs have a pleiotropic role in tumor progression and are considered as key drivers of the pro-tumorigenic dialog between the tumor mass and its microenvironment, by facilitating short-and long-distance communication [104] . These vesicles transfer biomolecules to distant sites in order to regulate the function of target cells, affecting several biological processes and promoting the interaction between different cells of the tumor microenvironment [105] . Several studies showed the importance of communication between cancer cells and their surroundings through EVs [106] . The discovery that EVs contain miRNAs indicates that they could be carriers of miRNAs specific for the tumor and can be used as non-invasive novel biomarkers and function as diagnostic, prognostic and predictive indicators of cancer [107] . Understanding the mechanisms by which EV-miRNAs act as miRNAs with either oncogenic or tumor suppressor functions, could contribute to creating new systems that modulate the sorting of EV-miRNAs to limit their effects on cancer progression. Identification and modification of the contents of cancer EVs may be useful in developing new diagnostic, preventive and therapeutic approaches, with potentially less invasive procedures [61] . The remaining goals of EV-based biomarker analysis include the significant reduction of sample complexity, when compared to whole body fluids and the reduction of invasiveness in a liquid biopsy scenario [95, 108] . 
